Geological modelling for site evaluation at the Vedsted structure, NW Denmark  by Frykman, Peter et al.
Available online at www.sciencedirect.com
   
 
Energy  Procedia  00 (2010) 000–000 
 
Energy 
Procedia 
 
www.elsevier.com/locate/XXX
 
GHGT-10 
Geological modelling for site evaluation at the Vedsted structure, 
NW Denmark 
 
Peter Frykmana*, Carsten M. Nielsena, Finn Dalhoffb, Ann T. Sørensenb, Lone Klinkbyc, 
and Lars Henrik Nielsena 
aGeological Survey of Denmark and Greenland (GEUS), Øster Voldgade 10, DK-1350 Copenhagen K, Denmark 
bVattenfall A/S, Støberigade 14, DK-2450 Copenhagen SV, Denmark. 
cVattenfall R&D, Oldenborggade 25-27, DK-7000 Fredericia, Denmark. 
 
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
This paper describes a site investigation study that has been performed on the Vedsted structure in NW Denmark, 
where upper Triassic and Lower Jurassic sandy formations are considered potential reservoirs for large-scale CO2 
injection. The study presents the updated version 1.0 model using new 2D seismic data from the site and compares 
to results from the screening stage where only existing vintage data were used for the geological modelling. 
In this early stage of site investigation, the regional geological model and sequence stratigraphic interpretation 
are important contributors to the construction of a realistic geo-model. The facies interpretation is critical for 
understanding the geometry and connectivity of the reservoir layers. 
The main reservoir is at depths of 1700 to 2000 m, and therefore the CO2 is injected at supercritical conditions. 
The reservoir rocks are mainly constituted of fluvial to nearshore deposits including shoreface sandstones, 
interfingering with marine offshore mudstones. The maximum thickness of the sandstone layers of ca. 30 m will 
restrict the potential for convection of the brine caused by density contrast instability. Therefore the dissolution 
enhancement normally assumed to be associated with convection must be modified for this geological setting. This 
is in contrast to the performance predicted for the Sleipner injection site, where convection is interpreted to happen 
over time, and it therefore illustrates that site specific evaluation is necessary in order to qualify the contribution 
from enhanced dissolution as storage mechanism. The interpretation of the new 2D seismic data and the resulting 
revision of the structural model influence the further plans for data collection, drilling planning and injection 
strategy.  
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1. Background 
The Vedsted structure has early on attracted attention as a potential storage site and was included in the storage 
capacity assessment campaign under the EU-supported GESTCO project [1]. The Vedsted structure is situated in 
northern Jutland close to the city of Aalborg (Fig. 1). The structure is an anticlinal closure within a fault block and 
was investigated by an old oil exploration well, Vedsted-1 (1958) and old regional seismic lines (1967 and 1983) 
and. The closure includes several sandstones of good reservoir quality at depths of 1200-2000 m and several 
claystone intervals around hundred meters thickness provide excellent cap-rocks above the reservoirs. Additionally a 
several hundred meters thick chalk section provides a secondary seal. The Upper Triassic – Lower Jurassic clastic 
Gassum Formation is the focus for this investigation, and is only penetrated within the structure by the Vedsted-1 
well.  
 
Figure 1: Map showing the position and outline of the eleven structural closures mapped in Denmark, including the Vedsted site on the North 
Jutland mainland (green arrow).  
The structure is currently under investigation for possible storage licensing. The main reservoir is mapped in the 
Upper Triassic – Lower Jurassic clastic Gassum Formation. The results from the screening stage study where only 
existing vintage data were used for the geological modelling has been presented earlier [2]. Since then the activity 
has included acquisition of a new 2D seismic data set. The analysis of these data with much better coverage than the 
vintage seismic data has resulted in new maps for the main reservoir units and an improved interpretation of the 
structural architecture of the site. The new version 1.0 model is therefore better suited for evaluation of structural 
spill point, as well as the position and magnitude of faults on the structure (Fig. 2). 
      
Figure 2: Maps showing version 1.0 model top reservoir map based on new 2D seismic data, compared to the previous version 0.0 map. Faults on 
the structure can now be estimated. The map of the seismic data shows clearly the very sparse information (blue) for the first mapping, and the 
additional new 2D survey (purple). 
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In this early stage of site investigation where only a single well supplies local information, the regional 
geological model and the sequence stratigraphic interpretation from a number of wells are important contributors to 
the construction of a realistic geo-model. The detailed sedimentological and sequence stratigraphic interpretations 
and correlations of the available well-logs and cores have established a robust stratigraphic framework for the Upper 
Triassic-Jurassic succession [3]. This framework forms the basis for the interpretation of the Vedsted-1 well section 
and the predictions regarding lithology of the potential reservoirs and seals in the Vedsted area (Fig. 3).  
 
Figure 3. SW-NE well-log panel centred on the Vedsted-1 well, across the Danish Basin, the Sorgenfrei-Tornquist Zone and the Skagerrak-
Kattegat Platform showing the lower part of the Gassum reservoir. The shallow water sands of shoreface and estuarine facies clearly extends 
from the Scandinavian terrestrial terrains in the NE and into the Danish Basin terminating into offshore mudstone facies. The shoreline 
fluctuations cause interfingering of the different facies types and give rise to pronounced vertical variability. Modified from Nielsen [3]. 
Much of the upper part of the Gassum reservoir consists of shoreface sandstones, interbedded with mudstones 
and heteroliths. The thick units in the Gassum Formation that show several sandstone beds with finer-grained 
intercalations are interpreted as amalgamated progradational shoreface sandstones stacked in an aggradational 
manner, reflecting rising sea level during deposition. This is based on analogue studies of recent sandy shoreface 
profiles that commonly show a break in slope from the shoreface sand to offshore mud at water depths of 5–15 m [4, 
5]. Shoreface progradation during a sea-level stillstand would thus produce 5–15 m of sand. From studies in the 
Gassum Formation at another locality in the Danish onshore, detailed correlation of closely-spaced cored sections in 
the Stenlille natural gas storage facility indicates that the sandstones with sandwiched mudstones and heteroliths are 
composed of shingles formed during forced regressions punctuated by minor transgressions that caused deposition 
of the fine-grained deposits [6]. One example of the offshore-shoreface transition has been described from the sparse 
core material obtained from the Vedsted-1 well (Fig. 4) 
2. The reservoir model 
The Upper Triassic – Lower Jurassic sandstones of the Gassum Formation form the primary target reservoir unit. 
Deposition of the Gassum Formation was in part controlled by the development of the Triassic rift system and the 
Gassum Formation shows increased thicknesses at this site with a main reservoir unit of 150 m with net/gross as 
high as 0.74. The thickness of the reservoir has not been possible to estimate from the seismic data, so a uniform 
thickness for the model is assumed based on the well profile. The porosity has been measured on core material from 
the Vedsted-1 well to be between 5 and 31 % and the gas permeability up to 3000 mD. For use as proxy fluid 
permeability, a factor 0.5 has been applied (Fig. 4) 
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Fig. 4: A) Core log of the Gassum Formations in the Ved-sted-1 well. Core 7 shows parts of two forestepping parasequences with marine 
sandstones and mudstones (From [3]). B) Porosity vs. fluid-permeability relation used for the modelling in green. Core measurements from the 
Vedsted-1 well are plotted (darkblue); the original air-permeabilities have been re-calculated to fluid-permeabilities with a factor of 0.5.  
C) Porosity profile (0.0-0.5) in the Gassum Formation showing the lower transgressive sequence developing into the offshore claystones, and an 
overlying regressive unit with shoreface facies. Well log interpretation shown as black line, the upscaled effective porosity as used in the 
modelling shown in colour scale. 
2.1. Reservoir modelling 
For the site investigation aiming at improving the initial estimates of storage capacity and injectivity, an updated 
reservoir model was created from the maps interpreted from the new 2D seismic survey and the data from the old 
exploration well. The reservoir model covering the structure area of 12 x 16 km (Fig. 1) was used for flow 
simulation studies utilizing a commercial black-oil simulator. The simulator oil phase was given PVT and phase 
data corresponding to brine and the simulator gas phase was given properties corresponding to CO2, and all PVT, 
solubility data and viscosities are represented in tables included in the simulation. This allows both solubility 
properties and density versus depth data to be consistently represented.  
2.1.1. Saturation Functions 
For the large field scale model, the applied brine and gas relative permeabilities are used inspired by laboratory 
measured data [7], although discussions are ongoing especially regarding the determination of the endpoints for such 
functions as indicated by alternative solutions [8, 9]. Only drainage curves are used for simulation of the injection 
period in the field scale model since equilibration conditions are not reached. Injection is simulated as a continuous 
scheme, and therefore no aquifer encroachment and imbibition occurs. 
2.2. Heterogeneity effects at large scale 
The reservoir model for the Gassum reservoir includes the fluvial sandstones in the uppermost part of the Skagerrak 
Formation penetrated in the deepest part of the Vedsted-1 well, as well as fluvial and shoreface sandstones of the 
overlying Gassum Formation. The initial model assumes that the encountered sandstones are laterally persistent and 
sheet-like within the structure. This is probably the case for the dominant marine shoreface sandstones that 
constitutes most of the reservoirs. The fluvial sandstones in the upper Skagerrak Formation and lower Gassum 
Formation were probably deposited mainly by braided rivers and are therefore considered also to be relatively sheet-
like [3]. From an updated review of the geology and the sequence stratigraphic analysis, the reservoir is considered 
layered with long-range continuity of the both the sandstone and the mudstone layers. The numerous sea-level 
changes have caused deposition of blanket-like sheets, at least covering the 10’s of km scale for the model area. 
Therefore high continuity has generally been assumed. However, it is likely that some of the fluvial sandstones are 
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more locally developed and occur as incised valleys or broad channel belts smaller than the Vedsted structure. 
However, this potential heterogeneity can not be verified by the presently available data, but as this phenomena 
occurs in the lower part of the reservoir, this heterogeneity might not influence the general distribution pattern of the 
CO2 very much.  
The Gassum reservoir model has been subdivided into 8 zones, and the most porous zones with sandstones have 
been gridded more finely vertically than the less porous intervals. This is to secure the best reflection of the CO2 
migration in the high permeable layers. Uniform thickness of the reservoir within the model area has been assumed. 
The main faults have been included in the gridding of the 3D model. The core data from Vedsted-1 are not sufficient 
to define a reliable porosity-permeability correlation, and a variety of other data was therefore evaluated to establish 
a porosity-permeability relation for the model.  
The behaviour of the reservoir model has been investigated by placing an injection well on the south-eastern flank 
and using injection rates realistic for power-plant supply rates. At the injection well the main reservoir layer is at a 
depth of 1900 m, and therefore the CO2 is injected at supercritical conditions. The reservoir rocks are mainly 
constituted by fluvial, estuarine to nearshore deposits including shoreface sandstones, interfingering with marine 
offshore mudstone and heteroliths. This facies assemblage gives rise to internal seals or baffles with fairly large 
lateral continuity, which potentially has marked influence on the lateral distribution of the injected CO2. The sealing 
properties of the intra-formational mudstone layers are therefore very important during the future petrophysical 
characterisation studies.  
After 10 years of constant injection the CO2 distribution is as shown in Fig. 5, which clearly shows the subdivision 
of the migrating CO2 due to the low permeability intraformational sealing layers having also higher capillary entry 
pressures. The layering in the model has maximum continuity, which probably overestimates the segregation to be 
found in a real case, but any intra-reservoir sealing layers will have effect on the distribution. These effects must be 
investigated further. 
 
 
Figure 5. Vertical section WSW-ENE in the Gassum reservoir model through the injection well showing CO2 saturation (free gas-phase 
supercritical CO2) after 10 years injection. Although the model is constructed in a fairly coarse grid, the intra-reservoir sealing layers are clearly 
reflected in the grid and influence the spatial distribution of the injected CO2. 
3. Trapping mechanisms and time development 
A very common illustration of the trapping mechanisms and the storage safety development over long time 
perspectives is the trapping mechanism/security plot as published in the Chapter 5 of the IPCC report [10], see 
figure 6. This generic diagram has for some time been used to promote the concept about diminishing fraction of 
free CO2 in gas phase, which is considered the most risky part, and thereby increasing safety over time.  
The exact amount of CO2 residing in the different categories of storage mechanisms obviously must be site-specific. 
The quantification of this over long time spans heavily depends on the ability to simulate the different processes and 
their interaction for the specific site. The simultaneous simulation of all the processes in question is a demanding 
task, and has only been carried out for few storage sites. Ideally, the diagram should be worked out for the Vedsted 
site, but limited modelling capability has not allowed this analysis yet. Instead we have used published data from a 
study of a generic case [11] in order to illustrate the principles behind the generation of the trapping-mechanism 
diagram. 
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Figure 6.  A) Diagram showing the concept of increasing amount of immobile CO2, and thereby increased security of the storage facility. The 
mechanisms responsible for the immobilisation of CO2 are shown. From [10]. B) Trapping-mechanism/time diagram based on data from 
simulations of the processes of mineral reaction and dissolution. Produced from data given for a base-case study [11]. 
4. The processes behind the different trapping mechanisms 
4.1. Mineral reaction trapping 
The process of mineral reaction trapping happens over very long time spans because of the very slow reaction rates 
even with the most reactive minerals in the process in clastic sequences: feldspars, clay minerals and carbonate 
(grains or cement). Large uncertainty is associated with the simulation of the process, and calibration data are 
inherently difficult to obtain due to the long time spans involved. The small contribution as shown by the case 
studied by Zhang et al. [11] is reflecting the assumptions of low content of reactive minerals and low rates of 
reactivity. This might be a feature shared by sites with relatively clean and homogeneous sand-dominated sequences 
for the storage reservoir. The Vedsted site specific materials and geochemical processes are under study [12, 13]. 
4.2. Dissolution trapping 
The solubility of CO2 in brine decreases with increasing pressure, decreasing temperature and increasing salinity, 
and is therefore highly site specific. Besides this, also the distribution of the injected CO2 due to heterogeneity and 
therefore the contact area between brine and CO2 is a determining factor. The formation brine that is immediately 
contacted during injection is quickly saturated, but the dissolution into the adjacent formation brine is depending on 
the diffusion process, generally considered to be a slow mechanism. The simulation of the dissolution process is 
influenced by the gridding scheme, numerical dispersion and the simulator description of the process. 
Besides the dissolution itself, an additional process involving gravity driven convection is often assumed to enhance 
the amount of dissolved and immobilised CO2. The principle is that the lower contact of a stabilised CO2 gas cap 
with the underlying brine will develop into a layer of slightly heavier brine due to dissolution of CO2. This density 
contrast instability will at some critical time develop downward moving fingers of heavier brine, and the 
convectional pattern developed over time will provide fresh brine to contact the CO2 and thereby promote the 
dissolution process. This process has been simulated to its completion of total dissolution of all free gas phase CO2 
in a study on the Sleipner injection site [14, 15]. The convection process is depending on the effective vertical 
permeability of the formation in question, and also on the reservoir thickness to give space for the fingering to move 
freely. The last condition is becoming relevant if we look at reservoirs with reservoir layers subdivided by 
intraformational sealing layers. Some guidance for limitations of the convection potential can be extracted from an 
analysis performed of the instability mechanism [16]. 
 
For the Vedsted site, the limited thickness of the sandstone layers (max. 30 m) will restrict the potential for 
convection of the brine caused by density contrast instability. This condition follows the equations developed by 
Riaz et al. [16]; see figure 7, and the prescription that the bed thickness must be much larger than the mixing zone 
thickness in order for the instability fingers to develop according to the relations. 
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Figure 7. Variation with permeability of the penetration depth c for the mixing layer at the critical time, for density contrast = 5kgm3, porosity 
= 0.3, viscosity = 0.5 cP and Diffusion coefficient = 109 m2 s1. The penetration depth gives information regarding the applicability of the 
analysis with respect to the layer thickness H, with the condition that c << H. (Graph modified from Riaz et al. [16]) 
Therefore the dissolution enhancement normally assumed to be associated with convection must be modified for the 
Vedsted reservoir due to the architecture and geological setting. This is in contrast to the performance predicted for 
the Sleipner injection site, where convection is interpreted to happen over time [15]. This difference is explained 
mainly by the site specific combination of bed thickness and permeability which are critical factors for instability 
fingering to start and initiate brine convection. Although Sleipner is a role model for CO2 injection, it might be that 
very few other sites have the geological characteristics necessary for the convection mechanism to function, and site 
specific evaluation is necessary in order to qualify the contribution from enhanced dissolution as an addition to the 
storage mechanism arising from convection. 
4.3. Residual trapping 
Residual trapping by capillary processes of snap-off at pore-scale is normally regarded as a storage mechanism of 
importance for inclined and maybe unconfined aquifers. The gravity driven migration of the injected CO2 will after 
the injection has stopped leave residual CO2 behind the moving plume as a “snail track”, as the imbibition process 
will cause capillary trapping. The process will also work to some extent if the injection on isolated structures is 
performed on the flank and migration is left to take the free gas phase CO2 to the top of the structure. 
However, in the context of safety and immobilisation of CO2, the residual CO2 is comparable to the concept of 
residual oil for a produced oil reservoir. The question to answer is how much CO2 could possibly not escape if we at 
some time step choose to create maximum leaking conditions for the storage site. For a crude evaluation of this we 
can then apply the standard hysteresis calculation given that we know the imbibition endpoint of residual gas.  
While this effect is formation-specific, Holtz [17] has demonstrated that residual CO2 saturations may be as high as 
15–25% for many typical storage formations. For the analysed case from [13], the amount of residual CO2 is not 
stated and therefore has been deduced using a simple assumption of residual gas saturation of 0.20 as an average for 
the formation. This results in an estimate of the residual CO2 at each timestep analysed and corresponds to the 
capillary trapped non-produceable CO2 if we were to pressure deplete the storage site. 
4.4. Structural trapping 
For individual storage sites defined by a structure with limited extent, the structurally trapped part can easily be 
envisaged as the free CO2 gas phase plume, maybe moving, or maybe ultimately as the gas cap equilibrated under a 
caprock. In the trapping mechanism analysis, this fraction is simply what is left as the mobile CO2 when the other 
processes have taken their contribution. 
5. Conclusion 
The work with the initial site characterisation of the Vedsted structure has emphasized the importance of site 
specific parameters for evaluation of both short- and long-term behaviour of the stored CO2.  
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The sparse data for most saline aquifers raise the demand for using the geological framework to supplement the 
sometimes few local observations. From this can be derived the probable architecture for the heterogeneity, and 
thereby the influence on injectivity, connectivity and filling efficiency. In Vedsted the distribution of the injected 
CO2 into partly or fully separated layers might mean more efficient use of the pore space in the reservoir. However, 
viscous fingering may also cause CO2 to bypass some of the pore space, depending on the heterogeneity and 
anisotropy of rock permeability.  
The longer term behaviour of the Vedsted storage site still remains to be quantified, but qualitatively the reservoir 
is a good candidate for distributed filling and primary dissolution trapping in the multilayered sequence, and 
probably also a good candidate for mineral reactions in the very long-term perspective. The enhancement of 
dissolution trapping by convection seems unlikely due to the limited bed thickness and the very low effective 
vertical permeability at larger scale. 
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